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Purpose:
To determine whether regions of low apparent diffusion coefficient (ADC) with high relative cerebral blood volume (rCBV) represented elevated choline (Cho)-to-N-acetylaspartate (NAA) ratio (hereafter, Cho/NAA ratio) and whether their volumes correlated with progression-free survival (PFS) and overall survival (OS) in patients with glioblastoma (GBM).
Materials and Methods:
This retrospective analysis was approved by the local research ethics committee. Volumetric analysis of imaging data from 43 patients with histologically confirmed GBM was performed. Patients underwent preoperative 3-T magnetic resonance imaging with conventional, diffusion-weighted, perfusion-weighted, and spectroscopic sequences. Patients underwent subsequent surgery with adjuvant chemotherapy and radiation therapy. Overlapping low-ADC and highrCBV regions of interest (ROIs) (hereafter, ADC-rCBV ROIs) were generated in contrast-enhancing and nonenhancing regions. Cho/NAA ratio in ADC-rCBV ROIs was compared with that in control regions by using analysis of variance. All resulting ROI volumes were correlated with patient survival by using multivariate Cox regression.
Results:
ADC-rCBV ROIs within contrast-enhancing and nonenhancing regions showed elevated Cho/NAA ratios, which were significantly higher than those in other abnormal tumor regions (P , .001 and P = .008 for contrast-enhancing and nonenhancing regions, respectively) and in normalappearing white matter (P , .001 for both contrast-enhancing and nonenhancing regions). After Cox regression analysis controlling for age, tumor size, resection extent, O-6-methylguanine-DNA methyltransferase-methylation, and isocitrate dehydrogenase mutation status, the proportional volume of ADC-rCBV ROIs in nonenhancing regions significantly contributed to multivariate models of OS (hazard ratio, 1.132; P = .026) and PFS (hazard ratio, 1.454; P = .017).
Conclusion:
Volumetric analysis of ADC-rCBV ROIs in nonenhancing regions of GBM can be used to identify patients with poor survival trends after accounting for known confounders of GBM patient outcome.
G lioblastoma (GBM) is the most aggressive malignant primary brain tumor in adults, with its characteristic spatial and temporal intratumor heterogeneity (1) being at least partly responsible for dismal patient outcome. Current surgical treatment of GBM aims to remove the contrast material-enhanced component. Surrounding nonenhancing components, defined by T2-weighted signal hyperintensity, are largely left behind even though they harbor malignant tumor cells (2) . This is done to avoid neurologic injury. Despite high-dose volume treatment, adjuvant radiation therapy applied to the nonenhancing component often fails to fully eliminate malignant cells, leading to local recurrence (3, 4) . Precise of survival were included in multivariate regression models. In addition to age, these include extent of resection (30) , enhancing tumor volume (31) , O-6-methylguanine-DNA methyltransferase (MGMT)-methylation status (32) , and isocitrate dehydrogenase-1 (IDH-1) mutation status (33) .
Our hypothesis was that ROIs of low ADC (implying high cellularity) with intersecting high rCBV (implying vascularity) would metabolically represent regions of tumor presence, as determined with the Cho/NAA ratio. The overall purpose was to determine whether regions of low ADC with high rCBV indicated an elevated Cho/NAA ratio and whether their volumes correlated with progression-free survival (PFS) and overall survival (OS) in patients with GBM.
Materials and Methods

Patients
This study was approved by the local research ethics committee, and signed informed consent was obtained from each imaging details that underlie the nonenhancing component remain unclear and relatively unexplored.
Various imaging methods have been assessed to probe biologic properties underlying GBM; these include the use of relative cerebral blood volume (rCBV) (5-8), apparent diffusion coefficient (ADC) (7, (9) (10) (11) (12) (13) (14) , or a combination thereof (7, (15) (16) (17) to characterize tumor extent, guide resection, or yield prognostic information (18, 19) . ADC negatively correlates with cellularity in gliomas (10, 13, 20) , and rCBV positively correlates with tumor vascularity (5) and cellular proliferation (21) . With proton magnetic resonance (MR) spectroscopy ( 1 H), metabolic ratios of choline-containing compounds (Cho) to Nacetylaspartate (NAA) (hereafter, Cho/ NAA ratio) correlate with tumor cellularity, proliferation (22, 23) , and infiltration (24) , making the Cho/NAA ratio a reliable measure with which to analyze differences or similarities in tumor presence among regions of interest (ROIs).
Studies that focus on the nonenhancing component are limited (25) (26) (27) (28) . Volumetric properties of tissue with abnormal ADC and rCBV have not been extensively assessed in patients with GBM (29) . In instances in which ADC and rCBV have been assessed (16) , not all major confounding factors Abbreviations: ADC = apparent diffusion coefficient Cho = choline CI = confidence interval GBM = glioblastom IDH-1 = isocitrate dehydrogenase-1 MGMT = O-6-methylguanine-DNA methyltransferase NAA = N-acetylaspartate OS = overall survival PFS = progression-free survival rCBV = relative cerebral blood volume ROI = region of interest
Author contributions:
Guarantors of integrity of entire study, N.R.B., S.J.P.; study concepts/study design or data acquisition or data analysis/interpretation, all authors; manuscript drafting or manuscript revision for important intellectual content, all authors; approval of final version of submitted manuscript, all authors; agrees to ensure any questions related to the work are appropriately resolved, all authors; literature research, N.R.B., A.v n The increased proportion of these ROIs within the nonenhancing component of GBM carries prognostic information and is associated with poor overall survival (OS) (log-rank P = .017).
n After accounting for age, tumor volume, extent of resection, O-6-methylguanine-DNA methyltransferase-methylation status, and isocitrate dehydrogenase-1 mutation status, the proportion of these ROIs within nonenhancing regions significantly contributes to the model of OS (hazard ratio, 1.132; P = .026) and progression-free survival (hazard ratio, 1.454; P = .017). with subsequent histologic confirmation of GBM were prospectively collected (July 2010 to January 2012), and this was a retrospective analysis that included outcome data. Exclusion criteria were previous cranial surgery, cerebral radiation therapy, or another known primary brain tumor. A total of 53 patients underwent baseline imaging (Fig 1) . Three (6%) patients withdrew from the study after baseline MR imaging, and three (6%) had grade III astrocytomas. Resection was performed, on average, within 1 day of imaging (range, 0-9 days). All patients were taking a stable dose (8 mg/d) of dexamethasone. Surgery was performed with 5-aminolevulinic acid fluorescence, with the aim of completely resecting the contrast-enhancing area. Thereafter, patients underwent radiation therapy with concomitant and adjuvant chemotherapy. The extent of resection was assessed as a binary outcome of complete or partial resection of the contrast-enhancing region on the basis of findings of an early (,72 hours) postoperative MR imaging study. Patients were observed, and the response assessment in neuro-oncology criteria was used to identify progression, with postsurgical imaging findings as the baseline (34) . Outcome measures were determined retrospectively. The dates of progression and death were recorded to calculate PFS and OS (ie, the number of days after surgery), respectively. Thirty (64%) of 47 patients were previously included in a report on perfusion and diffusion tensor imaging of GBM (35) . This article reports the results of volumetric analysis of intersecting threshold-defined ADC and rCBV while using the Cho/NAA ratio to compare imaging profiles of tumor presence.
MR Image Acquisition
Imaging was performed with a 3-T Magnetom Trio unit (Siemens Healthcare, Erlangen, Germany). Imaging sequences included (a) a previously described ( 
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Boonzaier et al voxel, the 75th or 65th percentile of pooled rCBV voxels, would be used. Previously, ADC percentile values have ranged from 10% to 25% for analysis of heterogeneity (38) or texture (39) and survival (14) . Thus, prior to inspection of data, the low ADC threshold was taken at the 15th percentile of the pooled voxels. Overlapping low ADC and high rCBV voxels were defined as ADC-rCBV ROIs. Because this method of threshold selection is specific, it must be determined whether overall conclusions of this study exclusively depended on the method of threshold establishment. To address this, test ROIs were generated by using percentile values for each individual patient. Thus, two sets of ADC-rCBV ROIs were compared with those in control subjects. These were main ROIs, which were generated with thresholds that were extracted on a pooled-value basis by using data from all patients, as described previously, and test ROIs, which were generated with thresholds that were extracted on an individual basis, per patient. Test ROI volumes were generated to be compared with main ROI volumes and to undergo the same statistical analyses of survival. When referring to ADC-rCBV ROIs throughout this article, we refer to the main ROIs. The contrast-enhancing regions were segmented by using semiautomated software (GeoS; Microsoft Research, Cambridge, England). Unenhanced regions were manually segmented with ImageJ software (National Institutes of Health, Bethesda, Md). A neuroradiologist with more than 4 years of experience (T.M.) segmented the test regions for interrater reliability testing. The Dice similarity coefficient score was applied to presence and absence data and was used to compare the new test ROI mask data against the original reference mask, which was segmented by the initial reader (N.R.B., .3 years of brain tumor image analysis experience). The superimposed 1 H MR spectroscopy data were analyzed as described previously (35) . Only chemical shift imaging voxels in which the ROIs continued down the z-axis were included (Fig 2) . The z-axis data were incorporated to further ensure that metabolite values recorded for the ADC-rCBV ROIs were due of rCBV were generated after contrast agent leakage correction, and they were based on the Boxerman (37) description. A standard population-based arterial input function was automatically defined in the NordicICE (NordicNeuroLab) software, and it was applied in a global manner. As ADC values are dependent on the b value, ADC images were normalized to the contralateral normal-appearing white matter mean.
ADC and rCBV voxel data were pooled, and thresholds were established by using the histogram percentile values with Matlab software (MathWorks, Natick, Mass). Previously, high rCBV percentile values have ranged from 75% to 90% for image-guided biopsy studies of glioma heterogeneity (21) . Thus, the rCBV threshold was taken in a stepwise manner from the 85th percentile within the contrast-enhancing component. After initial inspection, it was decided that if the resulting ADC-rCBV ROIs were too small for spectroscopic analysis, less than half the volume (1 cm   3 ) of the spectroscopy 
Image Processing and ROI Selection
All images were coregistered to the T2-weighted images by using an affine transformation with the Functional MRI of the Brain (or FMRIB) Linear Image Registration Tool (or FLIRT) in FMRIB Software Library (FMRIB, Oxford, England). T2-weighted images were used to guide spectroscopic data acquisition. Spectroscopy data were processed with the LCModel (Provencher, Oakville, Ontario, Canada). All relevant spectra from chemical shift imaging voxels of interest were assessed for artifacts by using previously published criteria (36) . The values of the Cramer-Rao lower bounds were used to evaluate the quality and reliability of chemical shift imaging data, and values with a standard deviation greater than 20% were discarded. Dynamic susceptibility contrast-enhanced data were processed offline by using NordicICE (NordicNeuroLab, Bergen, Norway). Maps 
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Boonzaier et al a function of ROI volume and proportional ROI volume (percentage of conventional lesion, contrast-enhancing or nonenhancing). Cox regression accounted for confounders of GBM survival: age, contrast-enhancing volume, IDH-1 mutation status, MGMT-methylation status, and extent of resection. To compare relative accuracies for association with median OS and PFS, receiver operating characteristic curves were generated for ROI volumes. Their accuracies were compared with the area under the receiver operating characteristic curve.
Results
Interrater variability of the manually segmented regions showed good agreement, with a mean Dice similarity coefficient score of 0.88 6 0.04 (standard deviation). Complete resection of the contrast-enhancing region was achieved in 38 (81%) of 47 patients, while the remaining nine patients underwent partial resection. Median OS was at a two-sided significance level of a = .05. Cho/NAA ratios were not normally distributed, and a log transformation was applied prior to analysis of variance, with posthoc analysis with Bonferroni correction used for multiple comparisons. Cho/NAA data were not normally distributed, and log transformation was applied prior to analysis of variance. After Bonferroni correction for multiple comparisons, the adjusted significance level among the location groups was a = .008 (.05/6 = .008). All volume data were not normally distributed and were log transformed prior to statistical testing. Differences in volume between the main ROIs and the test ROIs were explored by using the Student t test, as all test ROIs were significantly larger than their respective main ROIs. Correlations between ROI volume and their corresponding conventional region volume were explored by using Pearson correlation. Volumes were dichotomized as high or low by using the median. Kaplan-Meier statistics analyzed survival as to the presence of that ROI and were not due to the surrounding non-ROI regions colocalizing the chemical shift imaging voxel. As the ADC-rCBV ROIs were characterized by using Cho/NAA ratios, the control regions were based on chemical shift imaging voxels. Two sets of controls were identified by using chemical shift imaging voxels. These were (a) abnormal control regions, which were voxels within contrast-enhancing and nonenhancing areas that did not meet the ADC-rCBV ROI criteria, and (b) contralateral normal-appearing white matter. Regions for analysis included these two control regions: ADC-rCBV ROIs in contrast-enhancing regions and ADC-rCBV ROIs in nonenhancing regions (Fig 3) . Lastly, the ADC-rCBV ROI volume and the conventional ROI volume were calculated by using Matlab software (Mathworks). 
Statistical Analysis
Regions of Interest
The thresholds of the 85th percentile rCBV (rCBV = 4.4) and the 75th percentile rCBV (rCBV = 3.4) generated ADC-rCBV ROIs that were too small for metabolic analysis. Thus, the 65th percentile rCBV (rCBV = 2.7) and the 15th percentile ADC (normalized threshold, 1.2) were used to generate 
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positively correlated with contrast-enhancing volume (r = 0.291, P = .014). ADC-rCBV ROI volume inside the nonenhancing region positively correlated with nonenhancing volume (r = 0.350, P = .021). Total ADC-rCBV ROI volume and total lesion volume did not correlate (r = 0.291, P = .059). The differences between main ROIs and test ROIs are described in Table 3 .
20.159, 0.010; P = .027, respectively) in nonenhancing regions were significantly larger in patients older than 60 years. In 30 (70%) of 43 patients, ADC-rCBV ROIs were larger in nonenhancing regions than in contrast-enhancing regions (estimated difference, 0.510; standard error, 0.095; 95% CI: 20.704, 0.322; P , .001). The ADC-rCBV ROI volume inside the contrast-enhancing region
As ADC-rCBV ROIs were absent or smaller than 1 cm 3 in four (8%) of 47 patients, volumetric analysis was performed in 43 patients for raw and proportional volumes (Table 2 ). Both ADCrCBV ROI volume (estimated difference, 0.636; standard error, 0.242; 95% CI: 21.139, 1.133; P = .016) and proportion of ADC-rCBV ROI (estimated difference, 0.039; standard error, 0.049; 95% CI: Note.-CE = contrast-enhancing area, NE = nonenhancing area, SD = standard deviation.
* MGMT-methylation status was unavailable in three patients. † Only one patient with IDH-1 mutation; mean 6 SD of original data.
receiver operating characteristic curve, 0.717; P = .034) (Fig 6) .
Discussion
This study has shown that low-ADC ROIs with intersecting high rCBV depict 1 H MR spectroscopy features that suggest tumor presence in both contrastenhancing and nonenhancing regions, and an increased proportion of these ROIs within the nonenhancing region is associated with poor patient survival. The nonenhancing component is typically left behind after surgical resection of the contrast-enhancing component; therefore, studies of this nature can offer insight into the subregions that may be responsible for local GBM recurrence. Although previous studies have suggested use of an rCBV greater than 3 to identify tumor in the contrast-enhancing area (9,16), a reduced threshold was considered reasonable for assessment outside the contrast-enhancing area, where median rCBV values typically significantly contributed to the multivariate model of OS. The proportion of nonenhancing regions with ADC-rCBV ROI (hazard ratio, 1.454; P = .017), extent of resection (hazard ratio, 0.013; P = .031), and IDH-1 mutation status (hazard ratio, 0.000; P = .011) significantly contributed to the multivariate model of PFS.
Cox regression results for test ROIs and main ROIs were similar. The proportion of nonenhancing regions with ADCrCBV ROI (hazard ratio, 1.179; P = .014), extent of resection (hazard ratio, 0.113; P = .018), and IDH-1 mutation status (hazard ratio, 0.001; P = .003) significantly contributed to the multivariate model of OS. In the analysis of PFS, the proportion of nonenhancing regions with ADC-rCBV ROI (hazard ratio, 1.149; P = .050), extent of resection (hazard ratio, 0.073; P = .011), and IDH-1 mutation status (hazard ratio, 0.004; P = .007) were significant contributors. The proportion of ADCrCBV ROI in nonenhancing regions was the only variable with significant association with median OS (area under the
Survival Statistics
After univariate analysis, the volume of ADC-rCBV ROI in contrast-enhancing regions was associated with poor OS (log-rank P = .040) ( Table 4 ). The proportion of contrast-enhancing and nonenhancing regions with ADC-rCBV ROI was associated with poor OS (log-rank P = .010), and the proportion of nonenhancing regions with ADC-rCBV ROI was associated with poor OS (log-rank P = .017) (Fig 5) . Assessment of age, contrast-enhancing volume, IDH-1 mutation, MGMT-methylation status, and extent of resection independently showed that only extent of resection had a significant association with both OS (P = .022) and PFS (P = .041). After we accounted for all the previously mentioned confounders and censored four cases with no recorded date of progression or death, the proportion of nonenhancing regions with ADC-rCBV ROI (hazard ratio, 1.132; P = .026), extent of resection (hazard ratio, 0.090; P = .011), and IDH-1 mutation status (hazard ratio, 0.010; P = .008) Note.-Data in parentheses are the standard error. Main ROI is the normalized threshold using an ADC cutoff of 1.2 and an rCBV cutoff of 2.7. The test ROI is the individualized thresholds based on the 15th percentile ADC and the 65th percentile rCBV, per patient. CE = contrast-enhancing area, NE = nonenhancing area.
* Data are mean 6 standard deviation.
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are lower (9, 40) . Additionally, a previous study (40) has suggested use of a threshold identical to that reported here for biopsy sampling within the contrastenhancing area in the region with the highest rCBV, from 2.7 (9). A low-ADC threshold was used because of its inverse association with tumor cellularity, proliferation, and architectural disruption in nonenhancing areas (9, 10, 13) . As the ADC threshold was generated from voxels in contrast-enhancing areas and from those in nonenhancing areas, its normalized value was not expected to be less than 1.00. However, this finding is in accordance with findings of a previous study that inversely correlated ADC with cellularity with a pooled mean ADC minimum of 1.2 (r = 0.77, P = .007) (13) . Previous work using Cho and NAA has yielded findings in accordance with those -Cox-regression model accounting for patient age, enhancing tumor volume, MGMT-methylation status, IDH-1 mutation status, and extent of resection. AUC = area under the receiver operating characteristic curve, CE = contrast-enhancing area, NE = nonenhancing, and ROC = receiver operating characteristic curve.
* P value indicates a significant difference. 
reported here, where an elevated Cho/ NAA ratio or index was identified outside the area of contrast enhancement (16) , and has even led to identification of tumor extent outside the area of contrast enhancement (41) . With regard to the nonenhancing region, Jain et al (27) previously reported elevated rCBV in the nonenhancing region to be associated with poor survival. However, they identified nonenhancement as a 1-cm fluidattenuated inversion recovery border around the region of contrast enhancement; whereas in our study, we identified the nonenhancing region as the entire area of fluid-attenuated inversion recovery hyperintensity surrounding the contrast-enhancing region. Previous work that used low ADC, high rCBV, and Cho and NAA for survival analyses did not analyze regional low ADC that intersected with high rCBV, and all parameters were considered individual variables (16) . Our study had limitations. The imaging thresholds reported in this article are derived from our own population and were not independently tested. Since they are from one center and are from retrospective data analysis, additional studies will be needed for confirmation. The 1 H MR spectroscopy voxels were large in comparison with the ADC and rCBV voxels. Histologic data for this cohort were not obtained, as the brain shift during surgery did not allow for accurate image-guided data acquisition. Finally, our study protocol did not include quantitative T1 or T2 parameters.
In summary, as the nonenhancing component is typically left behind after surgery, studies of this nature may be useful in identifying subregions that would be better suited for targeted boost radiation therapy volumes or potential sites of extended surgical resection of GBM. 
